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Structural composite lumber (SCL) products were introduced into the construction practice several de-
cades ago. Their apparent advantages over traditional lumber did not generate copious research interests.
However, increasing demands for structural materials coupled with the decreasing quality and quantity of
raw materials are forcing the industry to introduce short rotation trees or species having unfavorable prop-
erties into the manufacturing processes. Consequently, there is a need for research to further enhance the
effective use of renewable natural resources.
This article describes the development of simulation models that estimate the bending and orthotropic
compression modulus of elasticity (MOE) of laminated veneer lumber (LVL) and parallel strand lumber
(PSL). The Monte Carlo simulation-based routines use the physical/mechanical properties of primary con-
stituting elements, obtained from probability distributions, to calculate a particular property of the com-
posite system. Furthermore, the orthotropic behavior of the wood constituents due to their position in the
composite is modeled by well-established theoretical/empirical equations. Results and experimental vali-
dation regarding the geometric, physical, and mechanical attributes showed reasonably good agreement
between simulated and experimental values. Developed models have good potential for predicting the
elastic parameters of composites using new raw materials or novel design features.
Keywords: Wood composites, elastic properties, simulation modeling.
introduction
Traditionally, solid wood is the raw material
most frequently used for residential construction
in the United States. Environmental concerns and
the declining quality and quantity of timber re-
sources have driven the industry toward alterna-
tive solutions. Such pressures triggered the
development of structural wood-based composite
materials. These are excellent substitutes for
solid wood in many aspects: they are lightweight,
strong, and durable. Moreover, some of the
species/products combinations exhibit higher and
more consistent mechanical properties due to the
densification during the consolidation process;
and they demonstrate better dimensional stability
than those of solid wood. Many of their proper-
ties can also be engineered to a certain extent.
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Manufacturers of wood-based structural com-
posites are constantly seeking to improve the
mechanical properties of their products. The tradi-
tional trial-and-error approach is costly, time-
consuming, and often not feasible. A better
alternative is using simulation modeling to opti-
mize the various manufacturing parameters (Law
and Kelton 1991). Using a reliable probability-
based simulation model, one can demonstrate the
effects of changing properties or relative position
of the constituting materials on the final perfor-
mance of the products without having to run ac-
tual manufacturing trials.
A long-term research explored the orthotropic
mechanical properties of five hardwood species
(Lang et al. 2000, 2002, 2003) at WVU, Division
of Forestry and University of Western Hungary.
Species included: red oak (Quercus rubra), turkey
oak (Quercus cerris), quaking aspen (Populus
tremuloides), true poplar (Populus x. Euroameri-
cana cv. Pannonia), and yellow-poplar (Lirioden-
dron tulipifera) as potential raw materials for
structural composite manufacture.
As the concluding part of the comprehensive
project, the objectives of this study were to de-
velop and validate probability-based simulation
models that can describe the bending and or-
thotropic compression MOE of parallel strand
lumber (PSL) and laminated veneer lumber
(LVL), based on the geometry and orthotropic
elastic parameters of their constituents. The sto-
chastic parameters of three North American
species were incorporated into simulation mod-
els. Such simulation routines may provide an in-
expensive tool for evaluating the effect of novel
raw materials or other modifications on the ex-
pected performance of these structural composite
products. Moreover, the models were validated
by comparing their predictions to properties mea-
sured on commercial LVL and PSL produced
from yellow-poplar structural veneers.
literature review
Modeling physical and mechanical properties
requires a thorough understanding of spatial
structure of the composites. An early simulation
model described the structure of paper as consist-
ing of several layers of fibers and interfibrillar
spaces or pores (Kallmes and Corte 1960;
Kallmes et al. 1961). This work provided a basis
for developing a mathematical model that depicts
randomly packed, short-fiber-type wood com-
posites (Steiner and Dai 1993; Dai and Steiner
1994a, b.) Results of this investigation were used
in a Monte Carlo simulation program that can
model different types of mats, and analyze them
for various important geometric characteristics
(Lu et al. 1998). The program can also determine
the effect of sampling zone size on the measured
density distribution. Harris and Johnson (1982)
dealt with the characterization of flake orienta-
tion in flakeboards. They pointed out that un-
bounded distributions are not appropriate for this
purpose and suggested a bounded distribution to
provide angles between 0 and  radians.
Some researchers attempted to provide a de-
tailed explanation and to simulate certain aspects
of particle mat behavior during consolidation.
Suchsland (1967) summarized the mat formation,
heat- and moisture movement and stress-behavior
of particleboard mats. He provided an explanation
for the formation of horizontal and vertical density
distributions, and showed how pressing parameters
influence the latter. Humprey and Bolton (1989)
made an in-depth analysis of the multidimensional
unsteady-state heat and moisture transfer during
hot pressing. They built a model based on a modi-
fied finite difference approach that could predict
temperature, moisture content, vapor pressure, and
relative humidity in different layers of a mat.
Several works dealt with the compression be-
havior of strand mats throughout the pressure
cycle. Dai and Steiner (1993) developed a theoret-
ical model to describe the compression response
of randomly formed wood flake mats. Their pre-
dictions agreed with experimental results reason-
ably well. Two further models, using somewhat
different approaches to reconstruct the OSB mat
structure and to predict the stress-strain relation-
ship during consolidation, provided improved es-
timation of stress development (Lang and Wolcott
1996a,b; Lenth and Kamke 1996a,b.) It has been
proposed that a combination of these two models
characterizes the entire stress-strain curve some-
what better than the earlier approaches.
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Physical and mechanical properties of wood-
based composites are closely related to density.
Vertical and horizontal density distribution
(VDD and HDD) generated much research inter-
est. Suchsland and Xu (1989, 1991) developed
physical models to examine the effect of HDD
on thickness swelling and internal bond strength.
They concluded that the durability of flakeboard
is substantially affected by the severity of the
horizontal density distribution. Xu and Steiner
(1995) presented a mathematical concept for
quantifying the HDD. Another study (Wang and
Lam 1998) linked a simulation program with an
experimental mat through a robot system that de-
posited flakes in the simulated positions. Pre-
dicted and actual HDD showed good agreement.
Harless et al. (1987) created a very compre-
hensive simulation model that can regenerate the
VDD of particleboard as a function of the manu-
facturing process. Other research in this area in-
cluded the characterization of VDD using a
trigonometric density function (Xu and Winis-
torfer 1996), and a simplified physical model to
examine how the number of flakes, face flake
moisture content, and press closing time affect
VDD (Song and Ellis 1997).
Zombori (2001) formed a series of linked sim-
ulation and finite element models that could, in
turn, recreate the geometric structure, compres-
sion behavior, and heat and mass transfer of ori-
ented strand board. These models could predict
the inelastic stress-strain response, environmen-
tal conditions, moisture content, and density at
different points within the panel. His results—
some of which are applicable to other compos-
ites, like particleboard, too—were in reasonable
qualitative agreement with laboratory test data.
Xu and Suchsland created most of the models
simulating physical and mechanical properties
of wood composites. They dealt with the linear
expansion of particleboard (1997), followed up
by a study discussing the effect of out-of-plane
orientation (1998a). In these works, they made
use of the off-axis MOE, determined by the Han-
kinson’s formula. Results of these studies helped
to develop another model (Xu and Suchsland
1998b) to simulate the uniaxial MOE of compos-
ites with uniform VDD, based on the total volu-
metric work. Xu (1999) modified this simulation
to investigate the effect of VDD on the bending
MOE of composites, using the summation of
stiffness values of discrete layers. This model
was applied to evaluate the effect of percent
alignment and shelling ratio on the MOE of OSB
(Xu 2000). Simulation results agreed well with
experimental and literature data.
Triche and Hunt (1993) modeled parallel-
aligned wood strand composites using finite ele-
ment analysis. They created small scale,
parallel-aligned strand composites that can be
considered as physical models for LVL or PSL.
The applied model accounted for the effect of
densification, adhesive penetration, and crush-
lap joints, and estimated the tensile strength and
MOE of the specimens with excellent accuracy.
In a recent study, Barnes (2001) modeled the
strength properties of oriented strand products.
He introduced the concept of stress transfer
angle to assess the effect of strand length and
thickness on the mechanical properties of com-
posites. He found good agreement between ex-
perimental and model-predicted MOE, MOR,
and tensile strength values.
Wood-based composite lumbers, such as LSL,
LVL, or PSL, are relatively new products that
generated less research interest than did compos-
ite panels. Results of research works on compos-
ite panels can be applied to these products with
care. Meanwhile, available literature does not
seem to contain simulation studies that are di-
rected specifically towards modeling the geo-
metric structure and mechanical properties of
these structural composites.
theoretical background
Although the structure of the two composite
types involved in this study is largely different,
the fundamental principles used in the simula-
tion of their elastic properties are the same. The
effective bending modulus of composites is de-
fined by the stiffness summation of discrete lay-
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where: E, I – composite MOE and 2nd
order moment of inertia of the
cross-section, respectively;
Ei, Ii – layer MOE and moment of 
inertia of the ith layer with 
respect to the composite’s
neutral axis, respectively.
This theory assumes equal compression and
tension stiffness and pertains directly to layered
composites like glued-laminated beams, LVL,
and plywood. However, it can be applied to non-
layered systems, such as PSL, as well. In this
case, the above summation involves individual
strands, rather than layers. The compression and
tension modulus of elasticity may be different
for some wood species depending on the mois-
ture content as reported by Conners and Med-
vecz 1992. Therefore, the MOE of a constituent
depends on whether it is located in the compres-
sion or the tension zone. Some elements are sub-
jected to both compression and tension stresses,
and the orthotropic response of woody materials
depends on their orientation relative to the prin-
cipal material coordinates of the composite. Fur-
thermore, the inherent densification and resin
penetration may significantly alter the modulus
of elasticity, thus impairing the computed re-
sults. These points are important to consider dur-
ing any model development.
The determination of compression MOE is
based on the calculation of the external work ap-
plied to a body and the internal energy stored
therein. These quantities are equal in the linear
elastic region. Xu and Suchsland (1998b) de-
rived the following equation from this equality:
(2)
where: E, V – compression MOE and total
volume of the composite;
Ei, Vi – compression MOE and vol-
ume of the ith constituent.
The above-discussed simple theories govern the
behavior of SCL materials in many loading appli-
cations. However, the stochastic nature of spatial
arrangement of the constituents, the natural vari-
ability of wood properties, and the unpredictable





challenges in forecasting mechanical properties of
the final products. Without pursuing absolute pre-
cision, our goal was to reasonably model the elas-
tic behavior of LVL and PSL on the basis of the
properties of their constituents.
model development
In general, models developed during this
study include three major modules that provide
electronically stored information for validation
and further computations. First the spatial geo-
metric structure of the composite in question is
characterized using empirical probability distri-
butions and/or deterministic variables. In the
second step, an appropriate routine allocates sto-
chastic MOE values to each constituent in the
principal anatomical directions as input vari-
ables for the orthotropic models. The computed
direction-defined stiffness quantities are then
modified by randomly assigned densification
values. Finally, the modulus of elasticity in
bending or in compression can be calculated
using Eqs. (1) or (2).
Although the mechanical and physical proper-
ties of structural composites are more consistent
than those of solid wood, still a vast array of in-
teracting variables governs their properties and
behavior under load. To maintain the mathemati-
cal tractability of the models, several simplifying
assumptions had to be made. The major hypoth-
esis of this research was that a single cross-
section might represent the entire beam or
column reasonably well. This assumption al-
lowed the reduction of the three-dimensional
problem to a much simpler in-plane modeling.
Further simplifications used in the models in-
cluded the following:
● Composites are treated as prismatic beams;
i.e., their cross-section does not change along
the length; and the constituents are repre-
sented by their individual, true size sections
corresponding to their relative orientation.
● Veneers used for layers and strands are peeled
perfectly tangential to the annual ring (i.e.,
their plane is LT).
● A continuous glueline provides perfect adhe-
sion between the layers or strands.
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● The applied glue does not alter the MOE of
the layers or strands significantly.
● The grain orientation of an LVL layer is al-
ways parallel with the longitudinal axis of the
beam; the grain orientation of a PSL strand is
always parallel with the longitudinal axis of
the strand.
● The layup is random; the MOE values of the
layers or strands are independent of their po-
sition. In practice for LVL, the stress wave
sorting for face and core designation is visu-
ally overridden because of defects. Thus, this
assumption may be justified.
● The thickness of a layer in LVL is constant.
Irregularities, such as crushed-lap joints that
connect two veneer sheets and the inherent
voids have counteracting effects on strength
and stiffness, and are disregarded.
● PSL strand cross-sections are rectangular in
shape; strands are not bent or distorted.
● PSL strand width is constant (25 mm).
● The densification of a PSL strand is indepen-
dent from its position within the billet.
● The neutral plane in bending coincides with
the symmetry axis of the cross-section.
simulating the geometry of composites
Figure 1 shows the geometric features of LVL
and PSL. The composites are placed in an orthog-
onal coordinate system, where x is the longitudi-
nal axis of the beams, y is the main cross-sectional
orientation of the constituents, and z is perpendi-
cular to both x and y. One can easily realize that x,
y, and z are correspondingly equivalent to the L, T,
and R principal anatomical directions in solid
wood. Using these axes, it is possible to define
load orientation (′) and strand/layer orientation
(′) relative to normal stresses acting in the beam.
These angles are analogous to grain and ring
angle in solid wood, respectively.
For LVL, the simulation of the geometric
properties included the following steps:
● Establishing the number of layers. This is a
deterministic variable that depends on the
particular material being simulated. In the
present case, the number of layers was 15.
● Assigning original and final thickness values
to each layer from their respective probability
distributions. The two outer layers (face) at
each side and the rest (core) were treated dif-
ferently because of the different densification
during the pressing process.
● Calculating cross-section (Ai), 2
nd order mo-
ment of inertia around the symmetry axis of
the composite (Ii), and volume fraction (Vi)
for each layer.
Figure 2a shows the comparison of actual and
simulated cross-sections for LVL. The stochastic
parameters of the spatial structure are the thick-
ness of the layers and their locations within the
cross-section.
To electronically recreate the spatial structure
of PSL, we developed an inverse, iterative simu-
lation routine. The method is inverse, because it
generates the projected-densified thickness of
strands first. It randomly assigns original thick-
ness values in the second step; then it computes
the projected width and projected cross-sectional
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Fig. 1. The geometric structure of LVL (a) and PSL (b).
area according to the orientation and preserves
the densification of the strands. The process is
repeated until a pre-established area coverage
criterion is satisfied. Note that the densification,
affecting the MOE of the strand, is defined by
the original and non-projected densified thick-
ness.
Steps of the simulation process included the
following:
● Choosing the y and z cross-sectional dimen-
sions.
● Simulating the number of strands. In PSL, the
number of constituents is a random variable,
established by generating the number of
strands per in2 (u), and multiplying this num-
ber by the cross-sectional area of the beam.
● Assigning projected-densified and original
strand thickness (t and to), longitudinal strand
angle (), and a cross-sectional strand devia-
tion () values to each strand. The model neg-
lects the deviation of the strands’ longitudinal
axis from the x-y plane. The original width of
the strands is 25 mm, except for one strand,
which has a smaller width. This strand reflects
the fractional part of the strand number (u).
● Calculating densifications from t and t0;
● Summation of projected-densified strand
areas and checking the area coverage crite-
rion;
● Arranging strands in both the y and the z di-
rections. To achieve an even coverage, strand
centroids are distributed uniformly in a sys-
tematic way, rather than randomly.
● Calculating Ai ,Vi and Ii (flatwise and edge-
wise), for each constituent. Strands that pro-
trude beyond the boundary of the beam
cross-section are handled according to the
torus convention (Hall 1988).
The strand deposition process results in over-
lapping strand areas and holes as demonstrated
on Figure 2b. These overlapping areas and holes
represent distorted strands that fill the sectional
area of PSL in reality. Note, that the horizontal
dislocation of strands has no effect on the stiff-
ness of the composite or a particular individual
strand in bending. In case of compression, the lo-
cation of a strand within the cross-section is in-
different regarding the composite MOE. In the
simulated cross-section, a projected area, two
angles, and the position of the strand’s centroid
represent each constituent.
Stochastic parameters, mentioned above, were
generated using probability density functions fit-
ted to experimental databases. Table 1 summa-
rizes the type and parameters of each function.
Figure 3 shows two sample histograms, created
from experimental data. The diagrams include
the overlaid probability density functions, along
with a histogram of 1000 simulated random de-
viates. Visual appraisal and standard statistical
tests (Kilmogorov-Smirnov; 2) helped to iden-
tify the best fitting probability density functions.
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Fig. 2. Actual and simulated cross-sections of LVL (a)
and PSL (b).
modeling the elastic parameters of the
constituents
The MOEs of the constituents were generated
in a three-step process:
1. Determining the orientation of the con-
stituents relative to the direction of stresses.
2. Assigning compression and/or tension MOE
values to the constituents in the given orien-
tation. This involves the use of orthotropic
theories, which require MOE values in vari-
ous anatomical directions, as input parame-
ters. Experimental determination of these pa-
rameters and the validation of the orthotropic
models have been presented in two former
articles. The model simulates compression
and tension MOE using the three-
dimensional Hankinson’s formula (Lang et
al. 2002) and a combination of the Hankin-
son’s formula and the orthotropic tensor the-
ory (Lang et al. 2003), respectively. The
elastic input parameters for these formulas
are generated assuming normal distribution.
3. Modifying the constituents’ MOE values to
account for the effect of densification. The
model increases the MOE denomination of
the veneers or strands, due to density in-
crease during hot pressing, based on experi-
mental, second-order densification curves.
We developed the simulation routines using
the FORTRAN 90 programming environment.
The source code includes four programs, as well
as several different functions to generate random
data from different distributions, so as to simu-
late the orthotropic tensile and compression
MOE along with the densification effect. A sam-
ple flowchart is included in Figure 4, demon-
strating the simulation process for PSL.
A module stores the species-specific input pa-
rameters for quaking aspen (Populus tremu-
loides), red oak (Quercus rubra), and
yellow-poplar (Liriodendron tulipifera). These
parameters include the summary statistics and
probability density functions of input E values,
density, and sectional dimensions. The routine
can be easily extended to cope with new species
by adding their parameters to this module.
experimental validation
Materials and Methods
Materials used for validation of the models
were commercial LVL and PSL. While the LVL
had only yellow-poplar veneers, PSL contained
approximately 25% southern yellow pine (Pinus
spp.) strands. Note that the input elastic proper-
ties in the principal material directions are gen-
erated randomly from probability density
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Fig. 3. Sample histograms of the geometric input pa-
rameters with the probability density functions overlaid.
functions. The obvious overlap of the probability
density functions of MOE for the two species
may introduce only a few outliers into the
model. Consequently, the effect of mixture of
species was neglected. All testing materials were
kept in a temporary environmental chamber at
approximately 21ºC temperature and 65% rela-
tive humidity (RH) during the entire duration of
the project. Moisture contents of the test materi-
als were periodically checked on control speci-
mens using standard ASTM procedure (ASTM
1996c).
In the first phase of the validation, twenty
simulated cross sections for both LVL and PSL
were compared to actual sections of the materi-
als. The links between the actual and simulated
sections were the number of layers and the num-
ber of strands per in2 (u) for LVL and PSL, re-
spectively. Assigning unit length to the
generated cross-sections, the density of the sim-
ulated composites could be calculated and com-
pared to actual values. Experimental densities
were measured and calculated using structural
size composites. Additionally, for LVL the total
simulated thickness of the beam was compared
to actual thickness; and, for PSL the cumulative,
projected strand areas (Ai) and the cumulative
moment of inertia (Ii) of the strands were mea-
sured up to target quantities.
Twenty structural size beams of LVL and PSL,
tested both edgewise and flatwise using a 4-point
bending setup over 2.44-m span, provided ex-
perimental bending MOE data. The nominal
cross-sections were 45 mm  95 mm and 75 mm
 140 mm for LVL and PSL, respectively. The
procedure strictly followed the specification of
the relevant ASTM standard (ASTM 1996a).
The Baldwin type testing apparatus had a load
cell with 180 kN capacity. A linear potentiometer
having 	 0.01-mm accuracy measured the rela-
tive deflection of the shear free section of the
beam. Load-deflection data were collected in
real time using a computerized acquisition sys-
tem.
Compression MOE determination followed
the specification of ASTM standard D 143–94,
secondary method. Accordingly, specimen di-
mensions were: 25  25  100 mm. For evalua-
tion of the orthotropic nature of the composites,
the principal dimensions of the specimens were
rotated systematically by 45º increments, which
resulted in six groups of load and strand orienta-
tion (′ and ′). Note that ′ and ′ are analo-
gous to grain and ring angle of solid wood
specimens. When a particular combination of
load/strand orientation was required, LVL sec-
tions were glued side-to-side to provide 100 mm
of specimen length. Ten replications of each
combination provided statistically reliable ex-
perimental compression MOE data. Compres-
sion load application and the double-sided strain
measurements were conducted on an MTS
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Table 1. Type and parameters of the probability density functions of the stochastic input variables.
Input Probability Function parameters a
parameter Unit density function 
  
Original veneer thickness
Quaking aspen mm Extreme Value A 3.108 0.069 —
Red oak mm Logistic 3.046 0.048
Yellow-poplar mm 2-param. Weibull — 3.162 42.761
LVL b
to mm Normal 2.760 0.140 —
tc mm Logistic 2.940 0.090 —
PSL
u #/in2 Normal 11.64 0.36 —
t mm Normal 2.051 0.391 —
 ° Normal 0.030 4.668 —
 ° Normal 2.991 14.709 —
a 
 – location;  – scale;  – shape.
b to – thickness of the two outside layers on both sides ; tc – thickness of the remaining (core) layers.
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Fig. 4. Flowchart of the bending MOE simulation of PSL.
servo-hydraulic universal testing machine,
equipped with a 10 kN 	1N load cell. Pairs of
strain data were obtained continuously using two
MTS clip-on gauges. The interested reader can
find a detailed description of the specimen
preparation practice and experimental technique
in a related publication (Lang et al. 2002). Both
for bending and compression, the collected load-
deformation data were within the linear elastic
region.
Bending MOE simulation consisted of gener-
ating twenty LVL and PSL beams, and calculat-
ing their MOE both in flatwise and edgewise
orientations. The cross-sectional dimensions of
the simulated beams were the same as the nomi-
nal dimensions of the tested specimens. The en-
tire Monte Carlo simulation was repeated twenty
times resulting in 400 cross-sections where each
represented a particular composite beam edge-
or flatwise.
Compression model validation was similar to
the above procedure, but it involved 20 replica-
tions of only 10 simulated specimens in each of
six orientations per composite types. This pro-
cess resulted in a total of 2400 simulation runs.
Standard statistical procedures including t-
test, Mann-Whitney Rank Sum Tests helped to
evaluate the differences between experimental
and simulated results. All tests were conducted
at 95 % confidence level ( 0.05).
results and discussion
To confirm the validity of the first module, the
simulated physical properties, including density
and geometrical characteristics, were compared to
experimental data. Table 2 contains the summary
statistics of the results. Simulated quantities are
average values of the mean, standard deviation,
minimum, maximum, and skewness calculated
from the twenty Monte Carlo simulations, con-
taining twenty beams for each composite type.
For LVL, good agreement between actual and
predicted thickness values could be detected. It
means that the selected probability density func-
tions described the variations in face and core
veneer thickness reasonably well. In contrast,
the model significantly underestimated the den-
sity when the simulated values were compared to
actual densities measured on 2.44-m-long LVL
beams. Our initial hypothesis was that the over-
lapping veneer joints and the coupling through-
the-width voids have no effect on the mechanical
properties of LVL. Apparently, this is not true re-
garding density because the volume of dense
LVL containing an extra layer is significantly
bigger than that of void volume in the beam.
However, the comparison of model predicted
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Table 2. Simulated and experimental geometric and physical properties of LVL and PSL.
Property Unit Source Mean STD1 Min. Max. Skewness
LVL
Thickness mm Sim. 43.0 0.50 42.1 43.9 0.005
Exp. 43.6 0.15 43.1 44.0 0.013
Density kg/m3 Sim. 511.0 10.00 492.0 530.0 –0.100
Exp. 566.0 11.00 541.0 584.0 0.078
Exp.2 509.6 9.90 498.6 529.7 0.097
PSL
Ai cm
2 Sim. 103.7 1.4 101.4 106.1 0.029
composite cm
2 Target 106.5 ——- ——- ——- ——-
Ii cm
4 Sim. 498.3 6.8 486.9 509.7 0.001
Icomposite cm
4 Target 515.1 ——- ——- ——- ——-
Density kg/m3 Sim. 673.0 11.0 652.0 694.0 –0.037
Exp. 673.0 16.0 640.0 708.0 –0.122
Sample size: n  20,
1 – Standard Deviation,
2 – Density of overlapping veneer-joint free LVL.
densities to measured ones on joint-free LVL
sections demonstrated excellent agreement.
As it was expected, the model slightly underpre-
dicted the simulated cross-sectional area of PSL
strands (Ai) because of the built-in area coverage
constraint. In reality, PSL contains longitudinal
voids due to the imperfect packing of strands. See
Fig. 2b where the black areas represent through-
the-length holes of a 10-mm-long PSL section.
These voids have technological advantage in re-
leasing internal steam pressure from the billet after
high-frequency die consolidation. The approxi-
mately 97.4% average area coverage that resulted
from the simulation is a good approximation of a
real PSL cross-section. Due to the area coverage
criterion, the model underpredicted the 2nd order
area moment of inertia of the beam (Ii) by ap-
proximately 5% on average basis. The target or ac-
tual cross-sections contain voids that cannot be
handled during the experimental determination of
bending MOE. This is an inherent bias of the test-
ing procedure that we have accepted. Conversely,
the simulated density, which showed excellent
agreement with actual values, encouraged the ac-
ceptance of this simulation routine.
Table 3 contains the summary statistics of
simulated and experimental bending MOE of
LVL and PSL. Note that the data of simulation
results are the average of twenty batches of
twenty runs, and not the standard deviation of
averages but the average of standard deviations
are listed. We do believe that this method pro-
vided better estimation of expected minimum
and maximum values. Figure 5 provides a quick
visual overview of the results. The simulated
bending MOE values of LVL in both directions
were slightly lower compared to observed data.
The differences, however, were not significant,
especially in flatwise application and resulted
mainly from the higher standard deviation of test
results. It does appear that the effect of overlap-
ping veneer joints (their presence/absence and
location) manifested in higher variability.
The model significantly and consistently
overestimated the bending MOE of PSL beams.
There are several plausible explanations for this
phenomenon related to the manufacturing tech-
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Table 3. Comparison of simulated and experimental bending MOE of LVL and PSL.
Direction Mean STD2 Min. Max.
of Bending Source n1 (GPa) (GPa) (GPa) (GPa) Skewness
LVL
Flatwise Sim. 2020 12.91 0.79 11.40 14.64 0.100
Exp. 20 13.36 0.72 12.20 15.16 0.212
Edgewise Sim. 2020 12.70 0.41 11.95 13.49 0.063
Exp. 20 13.22 1.21 11.85 15.90 0.022
PSL
Flatwise Sim. 2020 14.46 0.34 13.83 15.10 0.041
Exp. 20 12.57 0.57 11.64 13.92 –0.087
Edgewise Sim. 2020 14.54 0.40 13.78 15.29 –0.052
Exp. 20 12.82 0.75 11.18 13.81 0.115
1 Replications/sample size.
2 Standard deviation.
Fig. 5. Experimental and simulated bending MOE of
LVL and PSL.
nology of the product. However, based on the re-
sults of the compression MOE simulation and
experimental data, we believe that the inaccu-
racy of the orthotropic model to estimate the
MOE of composites, and neglecting the out of x-
y plane deviation of strands are the major
reasons for these overestimations. Currently the
model is under expansion by introducing an
additional random variable: , defined as the de-
viation angle from the x-y plane. Some improve-
ment in accuracy is expected, though the effect
of rolling shear deformation in an off-axis strand
still will not be encountered.
The compression MOE simulation routine
was run 2400 times to provide an adequate pre-
dicted database. Table 4 contains the average sta-
tistical parameters of the twenty compression
MOE simulations in the six selected combina-
tions of orientation, along with the experimental
statistics per product type. Figure 6 offers a
quick comparison between observed and simu-
lated results in each direction for LVL and PSL.
Excellent fit of predictions to observed values
was identified for both LVL and PSL at 0º/-;
45º/0º; 90º/0º ′/′ angle combinations. This in-
dicated that the orthotropic models described the
changes of MOE in the x-y plane exceptionally
well; and the inherent shear deformations—
mostly in the LT anatomical plane of the con-
stituents—had no explicit effect on the elastic
performance of the products.
Once the direction of normal stresses deviated
from the principal x-y plane of the composites,
the model consistently and significantly overes-
timated the modulus of elasticity. This fact indi-
cated that neither the 3D Hankinson’s formula
nor the 3D orthotropic tensor approach could
model the true elastic response of three dimen-
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Table 4. Comparison of simulated and experimental compression MOE of LVL and PSL at different load (′) and strand
(′) orientations.
Mean STD1 Min. Max.
’ ’ Source (GPa) (GPa) (GPa) GPa) Skewness
LVL
0° — Sim. 11.33 0.46 10.61 12.11 0.065
Exp. 11.87 1.06 9.71 13.34 0.142
45° 0° Sim. 0.79 0.02 0.75 0.83 0.109
Exp. 0.87 0.07 0.76 1.01 0.004
45° 90° Sim. 1.52 0.06 1.43 1.61 0.124
Exp. 0.84 0.06 0.75 0.96 0.545
90° 0° Sim. 0.41 0.01 0.39 0.43 0.108
Exp. 0.44 0.03 0.41 0.44 –0.022
90° 45° Sim. 0.49 0.02 0.47 0.51 0.170
Exp. 0.29 0.05 0.23 0.35 0.112
90° 90° Sim. 0.82 0.03 0.77 0.87 0.146
Exp. 0.37 0.03 0.31 0.42 0.135
PSL
0° — Sim. 13.34 0.43 12.63 13.99 –0.139
Exp. 13.20 2.09 10.71 17.28 0.128
45° 0° Sim. 1.06 0.04 1.00 1.11 –0.081
Exp. 1.08 0.11 0.86 1.25 –0.002
45° 90° Sim. 1.90 0.06 1.80 1.99 –0.035
Exp. 0.64 0.05 0.55 0.73 –0.100
90° 0° Sim. 0.51 0.01 0.52 0.56 –0.141
Exp. 0.48 0.07 0.39 0.60 –0.221
90° 45° Sim. 0.64 0.02 0.61 0.67 –0.035
Exp. 0.30 0.03 0.25 0.36 0.186
90° 90° Sim. 1.02 0.04 0.97 1.08 –0.053
Exp. 0.23 0.03 0.19 0.28 –0.254
sionally oblique, consolidated wood strands or
veneers properly over the entire spatial domain.
Figures 7a and b show orthotropic compres-
sion diagrams generated from the average simu-
lated and experimental compression MOE of
LVL, respectively, using the orthotropic tensor
theory (Szalai 1994). Details c and d on this fig-
ure depict similar diagrams for PSL. The simu-
lated and actual compression MOE values
apparently coincide in the x-y plane. However,
as the layer or strand orientation (′ ) increases
over approximately 25º, the trends of the model
predictions are reversed compared to trends ob-
served. No such deviations in trends could be
observed when the orthotropic models were val-
idated using solid wood specimens (Lang et al.
2002). The veneer manufacturing process may
have introduced cracks, compression sets that al-
tered the rolling shear resistance of the veneers;
or the densification affected the out-of-plane de-
formation under compression. This phenomenon
needs further investigation.
Nevertheless, these models have practical im-
portance because they can predict the expected
elastic response of LVL and PSL with excellent
accuracy from the mechanical properties of their
constituents in the majority of structural loading
conditions. These include support reactions,
columns, edgewise beam, and rafter applications
where the direction of normal stresses generated
by external loads usually coincides with the x-y
plane of the composites.
Sensitivity analysis was performed to further
demonstrate the practicality of the developed
simulation models. The analysis consisted of
simulating the flatwise-bending MOE of PSL,
while progressively reducing the scale parameter
(standard deviation) of the distribution of strand
angle () and strand deviation (). The exam-
ined ranges were between 100% and 0% of the
scale parameters, i.e., decreasing the variance of
 and  from their original level to no variation
at all. Other parameters (e.g., strand thickness,
the number of strands and the mean value of 
and ) were kept constant.
Figure 8 shows the bending MOE of PSL, as a
function of the standard deviation of  and ,
expressed by percents of the original standard
deviations. As this diagram shows, decreasing
the deviation of  from its mean value has little
effect on the MOE of PSL. On the other hand,
changing the variance of  affects the MOE sig-
nificantly. Bending MOE improves more than
12% (nearly 2 GPa), if the variation is com-
pletely eliminated. This is unfortunately not pos-
sible for PSL. However, if by some innovative
means, the standard deviation could be reduced
by 50%, it would still increase the bending MOE
by 8.5%, provided that the other parameters do
not change.
The above analysis required minimal modifi-
cation to the simulation model. Other inves-
tigations may involve more significant
programming tasks depending on the complexity
of the problem to be analyzed.
summary and conclusions
The bending and orthotropic compression
MOE of LVL and PSL have been modeled
through simulating the cross-sectional geometry
of the composites and the elastic parameters of
the constituents. In general, good agreements
have been found between simulated and experi-
mental characteristics.
Despite their simplicity, the models recon-
structed the geometric structure and density of
the composites reasonably well. Analytical
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Fig. 6. Experimental and simulated compression MOE of
LVL and PSL in the selected six combinations of directions.
works revealed the difficulties in modeling the
modulus of elasticity of spatially oblique wood
constituents. It has been concluded that the
rolling shear in spatially off-axis strands and ve-
neers may significantly influence the apparent
modulus of elasticity in compression or in bend-
ing. Further research is needed to enhance exist-
ing orthotropic models to address the rolling
shear deformation and its effect on the elastic re-
sponse of wood based composites. On the other
hand, it has been shown that the elastic perfor-
mance of the examined composites can be pre-
dicted with excellent accuracy if the normal
stresses are parallel to the principal x-y plane of
the structural elements.
Presumably, the practices described under
model development, the developed functions,
and the module that contains species-specific in-
formation provide useful tools for research and
development. The discussed work might aid re-
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Fig. 7. Orthotropic diagrams of the simulated and experimental compression MOE of the composites.
search targeted to enlarge the raw material basis
or introduce novel design in the structural com-
posite manufacture.
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